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ABSTRACT

We combine a large, homogeneous sample of ~3000 local mergers with the Imperial IRAS Faint Source Redshift Catalogue (IIFSCxz),
to perform a blind far-infrared (FIR) study of the local merger population. The IRAS-detected mergers are mostly (98%) spiral-spiral
systems, residing in low density environments, a median FIR luminosity of 10" L, (which translates to a median star formation rate
of around 15 M yr™!). The FIR luminosity — and therefore the star formation rate — shows little correlation with group richness and
scales with the total stellar mass of the system, with little or no dependence on the merger mass ratio. In particular, minor mergers
(mass ratios <1:3) are capable of driving strong star formation (between 10 and 173 M, yr™!) and producing systems that are classified
as luminous infrared galaxies (LIRGS; 65% of our LIRGs are minor mergers), with some minor-merging systems being close to the
ultra luminous infrared galaxy (ULIRG) limit. Optical emission line ratios indicate that the AGN fraction increases with increasing
FIR luminosity, with all ULIRG mergers having some form of AGN activity. Finally, we estimate that the LIRG-to-ULIRG transition
along a merger sequence typically takes place over a relatively short timescale of ~160 Myr.
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1. Introduction

Mergers are a fundamental feature of our current understand-
ing of the Universe: the standard A cold dark matter (ACDM)
cosmology (Blumenthal et al. 1984; Freedman et al. 2001;
Efstathiou et al. 2002; Pryke et al. 2002; Spergel et al. 2007) is
based on a hierarchical structure formation paradigm, in which
smaller systems merge to form progressively larger ones (White
& Rees 1978; Searle & Zinn 1978). Galaxy merging is expected
to drive strong star formation episodes (Barnes & Hernquist
1991; Mihos & Hernquist 1996), contribute to and regulate the
growth of black holes (Kauffmann et al. 2003; Di Matteo et al.
2005; Cox et al. 2006; Schawinski et al. 2009), and produce mor-
phological transformations (Toomre 1977; Mihos & Hernquist
1996). Given the essential role of mergers in the evolution of
the visible Universe, it is important to extend our knowledge of
their characteristics beyond the information that we can gather
by studying mergers in UV/optical wavelengths alone.

Ultraviolet/optical astronomy, while the cornerstone of our
astronomical knowledge, does not provide us with a complete
picture of star formation. Short-wavelength photons are affected
by absorption and scattering by cold interstellar dust, causing
a dimming in the UV/optical light and an apparent reddening
of the source (Draine 2003, 2009; Zubko et al. 2004). Indeed,
around 50% of all the energy produced by star formation and
active galactic nuclei (AGNs) over cosmic time has been ab-
sorbed by molecular clouds and re-emitted in the far-infrared
wavebands (3.5-1000 um, e.g. Puget et al. 1996; Fixsen et al.
1998; Pei et al. 1999; Hauser & Dwek 2001; Dole et al. 2006).
Obscuration could be more severe in mergers because of their
dustier cores, making it challenging to measure the total star
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formation activity via the UV/optical wavelengths (Spitzer 1978;
Kennicutt 1998; Pei et al. 1999). However, while UV/optical sig-
natures are likely to be affected, the star formation activity can be
better studied using far-infrared (FIR) wavelengths, as the peak
of emission from cold dust in the star-forming regions lies in the
FIR (e.g. Shu et al. 1987; Pei et al. 1999; Chary & Elbaz 2001).

In recent decades, several studies have looked at the con-
nection between mergers and FIR-bright galaxies. Since the
discovery of luminous and ultra-luminous infrared galaxies
(LIRGs and ULIRGS), which exhibit FIR luminosities exceed-
ing 10" Ly and 10'? L, respectively (e.g. Soifer et al. 1984;
Sanders & Mirabel 1996), studies have routinely found evi-
dence for morphological disturbances or ongoing mergers in
FIR-bright galaxies (Kleinmann & Keel 1987; Sanders et al.
1987, 1988a,b; Hutchings & Neff 1987; Vader & Simon 1987;
Sanders & Mirabel 1996; Clements et al. 1996; Hopkins et al.
2006; Younger et al. 2009; Hwang et al. 2010). While most of
these studies have started with a sample of FIR-bright galaxies
and found evidence for merger activity within some of them, we
approach the infrared properties of mergers from the opposite
angle.

We start with a large, visually selected sample of local galaxy
mergers (z < 0.1) and then explore their infrared properties via
their IRAS photometry, thus performing a large blind statisti-
cal study of nearby mergers in the FIR. Such a study has been
challenging in the past because large unbiased samples of true
mergers in the local Universe have been lacking (Darg et al.
2010b,a). Notwithstanding IRAS’ low sensitivity compared to
newer instruments (e.g. Herschel), an IRAS-based analysis is
useful here because the large IRAS beam size of 1.5" x 4.7
(at 60 um, Neugebauer et al. 1984a,b) allows us to study the
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Fig. 1. Distribution of the FIR (8—1000 pm) luminosities of the IRAS-detected galaxy mergers (left) and the corresponding star formation rates

(right), following Eq. (4) in Kennicutt (1998).

entire merging system as a single source. The SDSS mergers are
isolated systems, so contamination by nearby sources within the
IRAS beam is negligible.

The plan for this paper is as follows. In Sect. 2, we dis-
cuss the general properties of the merger sample that under-
pins this study. In Sect. 3, we study how the star formation in
mergers depends on the total mass and mass ratio of the merg-
ing systems, while in Sect. 4 we study the impact of local en-
vironment on star formation in our mergers. In Sect. 5, we ex-
plore the emission line activity in our sample and in Sect. 6,
we explore the timescale for LIRGs to transform into ULIRGs
along the merger sequence. We summarize our results in Sect. 7.
Throughout this paper we adopt the standard cosmological pa-
rameters from Spergel et al. (2007) (Hy = 70 km s Mpc‘l,
Qp =0.73, Qp = 0.27).

2. The merger sample and basic properties

Our sample of visually classified mergers was produced via the
Galaxy Zoo (GZ) project (Lintott et al. 2008). GZ is uniquely
powerful in detecting rare classes of objects like mergers, which
can only be reliably selected via direct visual inspection of
galaxy images. GZ had enlisted over 500 000 volunteers from the
general public to morphologically classify (as spiral, elliptical
and mergers), through visual inspection, the entire SDSS spec-
troscopic sample (York et al. 2000; Adelman-McCarthy et al.
2008). This preliminary classification was used by Darg et al.
(2010b) to build a merger catalogue of over three thousand ob-
jects. The raw parameter f,, called the weighted-merger-vote
fraction, is used to select merging galaxies from the whole sam-
ple. fi simply quantifies the probability that a certain image was
in fact the image of a merger based on all the classifications of
that particular image. The parameter f;, ranges from 0 to 1 so
that an object with f;;, = 0 should look nothing like a merger
and f;,, = 1 should look unmistakably so. To find mergers within
the GZ catalogue, a cut of 0.4 < f, < 1.0 was applied. The
reason behind the cut on the weighted-merger-vote fraction was
the high occurrence of false positives (which are virtually non-
existent in the interval f;, > 0.6). A second layer of visual in-
spection, performed by the team, was used to remove any non-
merging systems, visually select an appropriate SDSS object to
represent the merging partner, and assign morphologies to the
galaxies in each merging system.
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The final sample of GZ merger pairs (on which this study is
based) contains 3373 objects, unbiased in morphology and local
environment and with mass ratios typically between 1:1 and 1:10
at z < 0.07. The separation range for these galaxies goes up to
100 kpc. Since the merger classification is based on morpholog-
ical disturbances, the separation peaks at 10 kpc and the number
of objects with a separation greater than 20 kpc quickly dwin-
dles. Thus a significant proportion of very early stage mergers
are excluded from the catalogue. We refer readers to Darg et al.
(2010Db) for a complete description of the merger sample.

The GZ merger sample is cross-matched with the Imperial
IRAS-FSC Redshift Catalogue (IIFSCz; Wang & Rowan-
Robinson 2009), a sample of ~60 000 galaxies selected at 60 um
from the IRAS Faint Source Catalogue (FSC; Moshir et al.
1992). The IIFSCz catalogue provides FIR fluxes based on the
best-fitting infrared templates of Rowan-Robinson et al. (2008).
For the flux limit at 60 um (f(60) ~ 0.36 Jy), 90 per cent of
sources have spectroscopic redshifts from the SDSS.

Cross-matching the GZ mergers with the I[IFSCz yields 606
systems. Our analysis therefore applies to the brightest 18% of
the FIR-detected GZ mergers. In this merger sample, 594 merg-
ers are spiral-spiral merging pairs, with only 12 having an el-
liptical progenitor. There are 274 LIRGs (45%) and 10 ULIRGs
(2%) in our sample, with the ULIRGs typically being nearly-
coalesced, i.e. in the very final stages of the merger. We note that
the Darg et al. merger catalogue is biased against ULIRGs, since
they typically do not show two merging nuclei with tidal bridges
between them, which are the main criteria for a galaxy pair to
be defined as a merger in GZ (e.g. the ULIRG fraction from the
GOALS survey is 10%, Armus et al. 2009).

The Lgr in our IRAS-detected mergers ranges from around
10° Ly to over 10'23 L, with a median of ~10'' Lo, which
corresponds to a star formation rate (SFR) of 15 Mg yr~! (see
Fig. 1), calculated using Kennicutt (1998):

SFRe(Moyr™) = 4.5 x 107 Ly (erg s7'). (1)

To compare the properties of our IRAS-detected mergers to the
general galaxy population in our subsequent analysis, we con-
struct a control sample of 2300 relaxed (i.e. non-merging) galax-
ies from Galaxy Zoo and the IIFSCz, selected to have the same
redshift and r-band magnitude ranges as the mergers. Most of
the galaxies in our sample are spirals (2250) with a small fraction
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Fig. 2. Distribution of star formation rates for the IRAS-detected merg-
ers and for a control sample of non-merging galaxies detected by IRAS.
Median values are indicated using the dotted vertical lines.

of ellipticals (50) to keep a similar proportion to the morphology
in the IRAS mergers (49.5 spirals per elliptical).

3. Dependence of SFR on system mass
and mass ratio

We begin by studying how the SFRs of mergers are influenced
by their total stellar mass and the merger mass ratio. The stel-
lar mass was calculated by Darg et al. (2010b) by fitting each
galaxy’s SDSS photometry to a library of photometries produced
by a variety of two-component star formation histories, where
the older burst is taken as a simple stellar population while the
more recent burst is modelled by an exponential to take into ac-
count the extended star formation history of mergers. The library
of SEDs are generated using the Maraston (1998, 2005) stel-
lar models. Both components have stellar populations with vari-
able age with fixed solar metallicity and Salpeter IMF (Salpeter
1955). Dust is implemented using a Calzetti et al. (2000) law
with an E(B-V) varying between 0 and 0.6. The uncertainty on
the masses for the GZ merger sample is 0.2 dex (Darg et al.
2010a,b)

In Fig. 3 we study the dependence of the SFR on the total
(stellar) mass of the system (left panel) and on the merger mass
ratio (right panel).

The SFR is positively correlated with the total stellar mass
of the system, with LIRGs and ULIRGs residing mostly at the
higher end of the mass spectrum. While the positive correlation
exists both for the mergers and the control sample, the merg-
ers show a largely mass-independent enhancement in SFR of
0.5 dex. The enhancement at the low mass end of the distribution
is within the one-sigma error in the fit. There is a wide spread in
the SFR of the mergers at the low mass end and a proportion-
ally smaller number density compared to the higher end of the
distribution. The linear fit for the distributions are

log(SFR) = 0.5(x1.2) log(Mass) — 4.1 2)
for the mergers, and
log(SFR) = 0.8(x1.3) log(Mass) — 8.1 3)

for the control sample. The control sample fit is consis-
tent with the SFR-Mass relation for SDSS galaxies found

in Elbaz et al. (2007) and in Willett et al. (2015), which also
reported a SFR enhancement in the local merger population.

We find no apparent dependence between the mass ratio of
the merger and the SFR in the merging galaxies. As an ulte-
rior check we compare merger systems within the same total
stellar mass range: we plot the mass ratio versus the total stel-
lar mass and the mass ratio versus the specific SFR. No corre-
lation was found in those plots and they hence have not been
included. Minor mergers (those with mass ratios less than 1:3)
seem capable of producing IR-bright systems, including LIRGs
and systems that are close to the ULIRG limit (L > 10'? [,).
Our analysis, therefore, suggests that major mergers are not the
only process that can trigger strong star formation episodes (be-
tween 10 and 173 M, yr™!), somewhat in contradiction with the
wider literature (Di Matteo et al. 2005; Cox et al. 2006). In par-
ticular, minor mergers appear to play an influential role (65% of
LIRGs are minor mergers) in triggering such strong star forma-
tion episodes, in agreement with the findings of recent observa-
tional work (Scudder et al. 2012; Kaviraj 2014a,b).

Overall, we find that the star formation activity in mergers
is correlated more strongly with the total stellar mass of the
merging system, with the system mass ratio being of negligible
importance.

4. Dependence of SFR on local environment

In Fig. 4 we explore the dependence of the merger SFR on lo-
cal environment. We use the Yang et al. environment catalogue
(Yang et al. 2007) to estimate the environment of our merging
systems. Yang et al. estimate the dark matter halo mass of indi-
vidual galaxies, which can be used as a proxy for the local envi-
ronment of the galaxy. Typically, haloes with masses lower than
103 M, are considered to be the field, haloes with masses be-
tween 10"* Mg, and 10'* My, are considered to be in group-like
environments, while haloes with masses greater than 104 Mg
host clusters (Kaviraj et al. 2009).

Across the range of environments sampled by our mergers,
we do not find a strong correlation between the SFR in merg-
ing galaxies and their local environment. The relationship be-
tween SFR and environment in the mergers is similar to that in
the control sample, except that the mergers show an enhance-
ment in SFR of around 0.5 dex, largely irrespective of envi-
ronment. In agreement with previous studies (e.g. Hwang et al.
2010; Darg et al. 2010b; Carpineti et al. 2012), we find that,
like the general merger population, the IRAS-detected mergers
tend to favour lower-density environments. Most of the IRAS-
detected mergers are found in groups and the field (95% of the
sample favours such low-density environments), with ULIRGs
exclusively inhabiting the field.

5. Emission line activity

We use the nuclear activity classification from Darg et al.
(2010b) to investigate the ionization mechanisms in the
IRAS-detected mergers and probe the connection between AGN
activity and FIR luminosity. The classification was done by
performing a BPT analysis (Baldwin et al. 1981) on the full
GZ merger catalogue, using optical emission-line ratios from the
SDSS. The line ratios used were [OIII]/HB, [NII]/Hea, [SII]/Ha
and [OI]/Ha, to obtain three reddening insensitive diagnos-
tic diagrams following Veilleux & Osterbrock (1987). Darg
et al. (2010b) used the demarcation lines from Kauffmann et al.
(2003), Kewley et al. (2006) to separate galaxies into ones that
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Fig. 3. Left: star formation rate versus total stellar mass for mergers and the control sample of relaxed non-merger galaxies. Right: star formation
rate in mergers plotted against merger mass ratio. Mass ratios of 1:3 and 1:10 are indicated using the dotted horizontal lines. From left to right the
solid vertical lines represent the star formation rates for LIRGs and ULIRGs. There is no significant trend between SFR and mass ratio. It is also
important to note that minor mergers play a significant role in the formation of LIRGs. The left plot also shows a progressive one-sigma fit to the

mergers (solid orange) and control sample (dashed red).

3E FIELD "TTGRoUPS T T T CLUSTERS ] oy

i N

‘

i

q[rR

1|6

—-1F L4 ]
« IRAS Re;oxed

F IRAS Mergers
-2t L i i

11 12 13 14 15

Log halo mass [Me]

Fig. 4. Star formation rate (SFR) of the IRAS-detected mergers (blue)
and the LTG control sample (black) plotted against local environment.
The plot also shows a progressive one-sigma fit to the mergers (solid
orange) and control sample (dashed red).

are star-forming, AGN, LINERs, or SF/AGN (i.e. contain both
star formation and AGN), using a signal-to-noise (S/N) thresh-
old of 3 in all lines. Galaxies which do not have S/N > 3
in Ha, HB, NII, OIII lines are classified as quiescent. The ra-
tios were computed using the GANDALF code (Sarzi et al.
2006). We used the same approach to classify the ionization
mechanisms for the control sample.

In Fig. 5, we split the IRAS-detected mergers into these
emission-line categories and study how they change with FIR lu-
minosity. We also perform an equivalent analysis for our con-
trol sample of galaxies from the IIFSCz. The majority (71%) of
the IRAS-detected mergers are classified as star-forming, with
a significant minority (35%) hosting an AGN. Mergers that are
LIRGs exhibit a slightly higher incidence of AGN with respect
to the general IRAS-detected merger population and the con-
trol sample. However, in mergers that are ULIRGs the ion-
ization appears to be dominated by the AGN. Six out of the
ten ULIRGS in our merger sample have a Seyfert-type AGN,
while the other two are classified as LINERs. This result ap-
pears consistent with the recent literature which suggests that
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AGN become active in the late stages of a merger (Schawinski
et al. 2007; Darg et al. 2010a; Wild et al. 2010; Kaviraj et al.
2011; Carpineti et al. 2012) and also with the findings of past
studies (Sanders & Mirabel 1996; Clements et al. 1996; Risaliti
et al. 2000; Hopkins et al. 2006; Chakrabarti et al. 2007; Younger
et al. 2009; Treister et al. 2009, 2010; Iwasawa et al. 2011)
which suggest that AGN play an important role in the forma-
tion and evolution of ULIRGs — at least 50% (and up to 75%)
of the ULIRGs explored in past studies show an AGN signa-
ture. Studies in Mid-IR in the past few years have found similar
results, highlighted the more likely dominance SF in coalesc-
ing mergers (Alonso-Herrero et al. 2010; Pereira-Santaella et al.
2010), showed a similar increase in AGN to SF activity in late
stage mergers (Petric et al. 2011), and also found an increase in
composite SF/AGN objects (Stierwalt et al. 2013).

6. Timescale of LIRG to ULIRG transformation
along a merger sequence

While our sample of ULIRGS is small, we find a clear morpho-
logical segregation between LIRGs and ULIRGs in our sam-
ple. In Fig. 6 we present typical SDSS images of ULIRGs in
our sample. Half the ULIRGs in our sample are in an advanced
merging state (the projected distance between their cores is less
than 4 kpc in all cases), while the other half have already coa-
lesced (i.e. it is not possible to resolve two cores in the SDSS im-
ages). The angular resolution of the SDSS is ~1.3” (Bramich
& Freudling 2012). In comparison, 98% of LIRGs have a core
separation greater than 4 kpc in the redshift limit of our sam-
ple (z = 0.05 and z = 0.1); 4 kpc equates to 4.1” and 2.2”,
respectively, much greater than the SDSS limit (left panel of
Fig. 7). Assuming that an evolutionary transition occurs from
LIRG to ULIRG as the merger progresses and star formation in-
creases (Sanders & Mirabel 1996; Clements et al. 1996; Dasyra
et al. 2006), it is instructive to explore how quickly the LIRG-
to-ULIRG transition is likely to take place along the merger
sequence.

An estimate — albeit crude — can be derived for this coales-
cence timescale using the typical separations of the LIRGs in
our merger sample and the velocity dispersion of the groups that
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Fig. 6. SDSS images of 4 typical ULIRGsS in our sample: in order IRAS F12112+0305, Mrk 273, IRAS F15250+3608, IRAS F16133+2107.
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Fig. 7. Projected separation (/eff) and derived coalescence timescales (right) of merging LIRGs in our sample. See text for more details.

they inhabit (which is a measure of the typical relative velocities
of objects in a group).

Keeping in mind that there may be a selection bias in the
merger sample against ULIRGs, we first check whether the
ULIRGsS in our merger sample are representative of ULIRGs in
general. We do so by extracting all 121 ULIRGs in the IIFSCz
at z < 0.1 and inspecting their SDSS images. We find that in this
general ULIRG sample, more than 90% are indeed postmerger

systems with a single core and significant tidal debris, very sim-
ilar to the ULIRGs in the merger sample. The postmerger nature
of ULIRGs in the Darg et al. sample thus appears to be a typi-
cal characteristic of these systems, as has been suggested by the
past literature (Sanders & Mirabel 1996; Clements et al. 1996;
Dasyra et al. 20006).

In the bottom plot of Fig. 7, we estimate a timescale for
LIRGs to transform into ULIRGs along the merger sequence.
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For most LIRGs we can only construct a projected distance be-
cause fibre collisions mean that typically only one progenitor has
an SDSS redshift (so the line-of-sight separation cannot be com-
puted). Nevertheless, 32 merging LIRGs do have redshifts for
both progenitors. In these systems we compare the projected sep-
aration and the true separation, to gauge the error in the galaxy
separations produced by using only projected separations. We
find that the true separations in this subsample of LIRGs are
only around 8% larger than the projected separations. In other
words, projected separations seem to be reasonably representa-
tive of true separations, at least in the subsample of our merging
LIRGs in which both progenitors have an SDSS redshift. This is
not unexpected, since these are merging galaxies which, by def-
inition, must be close to each other (i.e. they must be virtually
at the same redshift). Assuming this is true for merging LIRGs
in general, we assume the projected separations to be reasonable
estimates for the true separations in all merging LIRGs in our
sample.

To estimate a coalescence timescale we require an estimate
for the relative velocities of the individual galaxies. While we do
not have the information to measure either the relative transverse
or line-of-sight velocities (except in the 32 systems above where
we can only measure the relative line-of-sight velocities),we use
the mean velocity dispersion of SDSS groups (258 + 7) from
Nurmi et al. (2013). To estimate the timescale we use the fol-
lowing equation

Teoal = Miatio X 2 X L’ “4)
o

where r is the separation, o is the velocity dispersion, and My,
the mass ratio of the two galaxies. The timescales are plotted
in the right panel of Fig. 7. From the distribution of coales-
cence timescales, we estimate that the timescale for the LIRG to
ULIRG transformation is likely to be a few hundred Myr (160 +
56 Myr). Our empirically-determined values and the range of the
timescale appear to be in reasonably good agreement with pre-
vious surveys (Murphy et al. 1996; Haan et al. 2011) as well as
N-body/SPH merger simulations (see e.g. Torrey et al. 2012a,b)
which find coalescence timescales of ~200 Myr. The low values
of the timescales indicate that merging LIRGs turn into ULIRGs
over reasonably short timescales, comparable to the dynamical
timescales of star formation in these systems.

7. Summary

We have combined a sample of ~3000 visually selected local
mergers from the Galaxy Zoo project with the Imperial IRAS
Faint Source Redshift Catalogue, to perform a large blind FIR
study of the local merger population. 18% of the GZ mergers
are detected by IRAS. Our results therefore describe the bright-
est 18% of merging systems in terms of FIR luminosity (and
therefore SFR).

The IRAS-detected mergers are overwhelmingly (98%)
comprised of spiral-spiral systems, with a median FIR luminos-
ity of 10'! L, and a median SFR of around 15 M, yr~!. The SFR
of the IRAS-detected mergers are offset from the general IRAS-
detected galaxy population by 0.5 dex. While the merger SFR
correlates with the total mass of the merging system, we find
very little dependence on the merger mass ratio. Indeed, 65%
of the systems with LIRG luminosities (and possibly some low-
luminosity ULIRGs) are hosted by minor mergers (mass ratios
lower than 1:3). This suggests that strong star formation (be-
tween 10 and 173 M, yr~!) can be triggered by the minor-merger
process, in good agreement with the recent literature.
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While they reside in low-density environments, the merger
SFR does not show a strong dependence on local density. An
optical emission-line ratio analysis indicates that the contribu-
tion of AGN to the gas ionization increases with increasing
FIR luminosity. The AGN fraction increases dramatically for
ULIRGs — almost all ULIRGs show emission-line diagnostics
indicative of an AGN component, despite being strongly star-
forming systems.

A particular characteristic of ULIRGs is that they are all
in advance merger stage: either the nuclei are nearly coalesced
(with a separation <4 kpc) or they are already in a coalesced
post merger phase. Assuming that the (non-coalesced) merg-
ing LIRGs are the parent population for ULIRGs, we have es-
timated that galaxies transition from being LIRGs to ULIRGs

along the merger sequence over a reasonably short timescale
(~160 £ 56 Myr).
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